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CMS track reconstruction performance during Run 3

1. Introduction

This contribution presents selected CMS track reconstruction performance results, from proton-
proton collision data collected during the LHC Run 3 in 2023 and 2024. These results provide an
overview of the current conditions of the CMS tracker and the quality of the tuning of the Monte
Carlo (MC) simulations. These results are therefore important for most physics analyses in CMS,
and this work is crucial to maintain the high quality of the CMS physics results.

The CMS Silicon tracker [2, 3] is the innermost detector of the CMS experiment, immersed
in a 3.8 T solenoidal magnetic field, and is made of pixel and silicon modules organized in two
subsystems. The Pixel subdetector (figure 1) is placed close to the interaction point and, after the
upgrade that took place in 2017 [4], is organized in four layers in the barrel region (BPix detector)
and three disks in the endcap (FPix detector). The microstrip modules are placed externally to the
pixels and are organized into four regions, each having one-sided and double-sided modules [5].
The pixels and the double-sided microstrips provide three-dimensional measurement of the hit
positions.

The CMS offline track reconstruction algorithm [2] consists of multiple iterations of three
basic steps: seeding, pattern recognition, and fitting. Each iteration targets different types of tracks,
starting from the easiest identifiable ones; after each iteration, the hits associated with a successfully
reconstructed track are masked. The early iterations use pixel information as a seed, while the later
ones rely more on strip information. For the Run 3 data taking period, the new mkFit algorithm [6]
was implemented in the pattern recognition step.

Figure 1: Layout of the Pixel subdetector of the CMS tracker. Figure from [4].

2. Comparisons of data with MC

In this section, data/MC comparisons for four periods of 2023 and 2024, initial and final periods
of each year1, are presented; results are sourced from the 2023 and 2024 Detector Performance (DP)
notes [7, 8]. During these years, the pixel subsystem suffered two major issues. The “BPix failure”,
a readout malfunction of some modules in layers 3 and 4 of BPix, was observed in June 2023; the
tracks affected by this issue are those having −1.5 < 𝜂 < −0.2, −1.1 < 𝜙 < −0.9, where 𝜂 is the
track pseudorapidity and 𝜙 the azimuthal angle. A problem in the clock distribution, occurred on

1For 2023: from May 5th to June 13th and from July 1st to July 13th. For 2024: from April 16th to May 5th and from
October 1st to October 16th; in the plots they are referred to as “Period 1” and “Period 3”, respectively.
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CMS track reconstruction performance during Run 3

July 5th 2024, is called the “FPix failure”, it led to a blacklisting of some modules in layer 1 of FPix;
this issue has a track coverage of 𝜂 < −1.4, 𝜙 > 2.5.

The comparisons are performed on basic track properties, and are useful both to monitor the
tracker conditions and to validate the simulations. They explore the track kinematic properties
(transverse momentum 𝑝T, 𝜂, 𝜙), the detector alignment (track 𝑑𝑥𝑦 and significance to the impact
parameter, with respect to the primary vertex), and the hits properties in the two tracker subsystems.
Tracks belonging to three types of events are currently under periodic study. The ZeroBias tracks
belong to events selected with a High Level Trigger (HLT) that only uses information on the beam-
beam coincidence, must have pT>1 GeV, and pass the “highPurity” quality flag [2]. The tracks of
𝑍 → 𝜇𝜇 and 𝑍 → 𝑒𝑒 events, considered separately, are selected with at least one muon with pT>24
GeV or an electron with pT>32 GeV, respectively; the two muons or electrons with highest pT must
have invariant mass in the range 75 GeV < 𝑚 < 115 GeV, and the two tracks have to pass some
quality selections to enhance signal purity in the final sample.

A minimum-bias (inclusive QCD production) simulation generated with Pythia [9] is used as
MC sample for ZeroBias events, while Drell–Yan simulations produced with Madgraph [10] are
used for 𝑍 → 𝜇𝜇 and 𝑍 → 𝑒𝑒 events. Two different MC productions were considered for 2023, one
for each period under study; for 2024, instead, the simulations used in the comparisons represented
the detector knowledge at the end of the data-taking period.
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Figure 2: Tracks 𝑝T distribution, on data and MC for ZeroBias events, for the four periods considered [7, 8].

2.1 Track kinematic quantities

Some track kinematic quantities, studied on ZeroBias events, are presented in this section.
Figure 2 shows the track 𝑝T distribution for the four periods considered. The data/MC agreement
is within 10% for 2023, while, for 2024, larger discrepancies are observed for 𝑝T > 20 GeV: this
could be due to a slightly inaccurate tuning of the MC generator.

In figure 3, the track 𝜙 distribution is shown, for the four periods considered. The tracks with
𝜙 ∼ −1 fall into the region of the “BPix failure”, which causes a visible drop in the reconstructed
tracks starting from the second period of 2023; the relative depth of the observed “hole” is about 12-
15%, compared to the typical number of reconstructed tracks outside of this region. The data/MC
agreement is good in every period, also in the region affected by the failure.

2.2 Alignment

To test the quality of the alignment, the track distance of closest approach in the transverse
plane to the primary vertex, 𝑑𝑥𝑦 PV, were studied. 𝑍 → 𝜇𝜇 events were considered in this case, since
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Figure 3: Tracks 𝜙 distribution, on data and MC for ZeroBias events, for the four periods considered [7, 8].

they provide prompt, high-purity, and high-momentum tracks, leading to 𝑑𝑥𝑦 PV being dominated
by the hit resolution and alignment effects.

In figure 4 the data/MC comparisons for this quantity are shown, for the two periods of 2024:
the distributions are narrower in MC than in data, indicating a better quality of the alignment in the
simulation; furthermore, at the end of 2024 the data distribution is broader with respect to the first
period of the year, a possible effect due to the degradation in the resolution due to the irradiation
of the tracker (about 110 fb−1). The rightmost plot in figure 4 shows the tracks 𝑑𝑥𝑦 PV distribution,
considering tracks belonging to the region of the “FPix failure”: data distributions, belonging to the
periods immediately before and after the failure are shown, together with the usual MC distribution.
A broader data distribution is observed after the failure, possibly due to the lack of information in
the first disk of FPix.
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Figure 4: Tracks 𝑑𝑥𝑦 PV distribution, on data and MC, for the two periods of 2024 data taking campaign
considered, together with a focus on data recorded just before (20/06-05/07) and after (06/07-29/07) the FPix
failure. Results from ref. [8].

3. HLT efficiency

At the HLT level, the track reconstruction algorithm set for the beginning of Run 3 consisted
of a single iteration of the Combinatorial Kalman Filter algorithm, which considered a seed formed
with three pixel hits. This approach met the reconstruction speed performance required at this
level, but was more sensitive to malfunctions in pixel layers: therefore, after the failure in the BPix,
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CMS track reconstruction performance during Run 3

combinations with a pixel doublet in a region with an inactive sensor in one of the two layers affected
by the failure were considered as seed in a new iteration, using a slightly modified algorithm used
in Run 2. This recovery procedure was tested on a few runs of late 2023 data, and applied starting
from 2024 data taking.

The efficiency results presented here are measured with respect to the offline “highPurity”
tracks [12]. Both the HLT and offline tracks were required to pass 𝑝T > 0.9 GeV, |𝑑𝑥𝑦 | < 2.5 cm,
|𝑑𝑧 | < 0.1 cm. The efficiency is defined as the fraction of offline tracks that have a geometrical
matching with an HLT track in the cone region defined by Δ𝑅 < 0.002. In figure 5 the HLT
efficiency as a function of track 𝜙 is presented: in the region related to the failure in BPix, a drop of
efficiency of about 40% (relative to the average 80% efficiency in the other regions) in the second
period of 2023 is observed. The recovery seeding iteration leads to a significant efficiency recovery
(plot on the right).
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Figure 5: HLT efficiency with respect to offline tracks, as function of tracks 𝜙. The figure on the left
compares the efficiency measured in the second considered period of 2023 (purple markers, labeled as “After
TS1”) to the efficiency measured in the first period (green markers, labeled as “Before TS1”) [12]. The
figure on the right shows the efficiency measured in the first period of 2024 (red markers, labeled as “Run
2024C”) compared to the one of 2023 second period (blue markers, labeled as “Run 2023C”); plot taken
from ref. [13].

4. Tag-and-probe efficiency

For the 2023 periods, the track reconstruction efficiency with the tag-and-probe technique was
measured, on 𝑍 → 𝜇𝜇 events [14]. In these events, the tag is a muon that passed the full track
reconstruction (global muons) and passed some identification cuts; while the probe is a standalone
muon candidate built using only information by the external muon chambers. A tag-probe pair
passes the selection if geometrical and momentum based cuts are satisfied, together with a unique
vertex and opposite charge for the two tracks. On data, a background subtraction is performed by a
fit to the pair invariant mass.

In figure 6, the efficiency is presented for the second period of 2023 as a function of tracks 𝜙,
for tracker-only seeded tracks and tracks built by considering also seeds from the muon chambers.
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In the first case, a drop of about 5% efficiency is observed in the region of the BPix failure, while
the efficiency is about 99% elsewhere. In the second case, this drop is not observed: the two seed
iterations of the offline track reconstruction involving the muon chambers information can recover
tracks otherwise lost. In general, except for the 𝜙 ∼ −1 region for the tracker-seeded tracks, the
data/MC agreement is within 1%.

Figure 6: Tag-and-probe efficiency measured on data compared to that for MC as well as a measurement in
MC using generator-level information, for the second period considered of 2023 [14].

5. Conclusions

In this report, recent results on track reconstruction performance in CMS for the 2023 and 2024
years of data taking during the Run 3 have been presented. Considering the generic tracks, from the
ZeroBias events, an acceptable level of data/MC agreement was observed for the main kinematic
quantities; the failures in the Pixel subsystem had a moderate impact, although well represented by
the simulation. A similar effect was also observed in the measurements of tag-and-probe efficiency.
The quality of the innermost hit position measurements sensitive to alignment and the tracker
irradiation, was periodically monitored by using tracks from 𝑍 → 𝜇𝜇 events. The monitoring
of the HLT efficiency with respect to the offline tracks showed the larger impact of the detector
malfunctions on the HLT track reconstruction procedure: a doublet recovery iteration (similar to
that used in Run 2 and in the offline reconstruction) proved reliable to mitigate the issue.
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